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In this study, we find the optimal control boundary (i.e., actuator velocity) that cancels the acoustic
reverberations inside drop-on-demand inkjet printheads at a specific time. We formulate an optimiza-
tion problem to minimize the total energy of the oscillating flow at a given time (i.e., the acoustic
energy inside the microchannel and the surface energy of the droplet). We use the adjoint method to
compute the gradient of the cost function with respect to the control boundary, and a gradient-based
optimization algorithm to converge to the optimal solution. This methodology has been successfully
applied to two generic inkjet printhead mechanisms: thin-film and bulk types. In both cases, the actu-
ator first reduces the surface energy of the system by extracting fluid from the nozzle. In this process,
acoustic waves also propagate through the channel and reverberate at the ends, which increases the
acoustic energy of the system. The actuator then sends additional acoustic waves that cancel these
reverberations. Both mechanisms have been able to reduce the total energy of the system by a factor
of over 100 in comparison with the uncontrolled cases.
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1. Introduction

Drop-on-demand (DOD) inkjet printing is a technique in which ink droplets are generated on demand
and jetted towards a moving substrate. An inkjet printhead typically contains several hundred microchan-
nels and nozzles. Ink flows continuously through the channels at constant pressure difference (between
one side and the other) and at constant pressure (relative to the atmosphere) just above the nozzle. An
increase of the pressure must be generated inside the channel to expel droplets. In piezoelectric DOD
printing, an actuator placed on one or more sides of the channel moves a few tens of nanometers, which
generates acoustic pressure waves. These waves eventually reach the nozzle and a droplet is expelled.
The piezoelectric actuators are made of ceramic materials that exhibit the inverse piezoelectric effect (i.e.,
they deform when a voltage is applied).

Manufacturers seek to increase the jetting frequency while maintaining uniformity in droplet size and
shape. The former objective speeds up the printing process, whereas the latter makes it more accurate,
which is important in high precision applications (e.g. printing microcircuits [[1]; manufacturing of pas-
sive electronic components such as capacitors [2], biomedicine [3l], or advanced manufacturing [4]). As
the time between droplet ejections decreases, the droplet shape and size becomes increasingly affected




by the residual oscillations from the previous droplet ejection. Therefore, it is important to damp these
reverberations within the desired time interval.

In this study, we design the open-loop control for the actuator that damps the acoustic reverberations
inside the microchannels within a given time interval. This active control strategy is easier to implement
on already existing printheads than passive control strategies (e.g., geometric variations). We consider
two simplified geometries of two inkjet printing strategies already employed in the industry.

2. Problem formulation

2.1 Governing equations

We consider the flow inside the inkjet printhead microchannel. We derive the governing equations
from a low Mach number asymptotic expansion [3,16]. We further consider that variations in temperature
are negligible, and that the ratio of specific heats is 7, = 1. Under these assumptions, we can express
the nondimensionalized momentum and energy equations of the oscillating flow as:

ou 1

_— = — D —_— . T 1
BT Vp+R€V T (1a)
dp 5

— . p— 1
9 +V-u (1b)

where u is the acoustic velocity, p is the acoustic pressure, Re is the Reynolds number of the acoustic
flow, and ¥ = V. + (Va)' — 2V - @l is the viscous stress tensor.

These equations have been nondimensionalized using the length of the channel, L., as the charac-
teristic length, the speed of the sound, ¢, as the characteristic speed, and p. = pcg as the characteristic
pressure. Therefore, the Reynolds number associated with the oscillating flow is Re = ”COTLC, with p and
1 being, respectively, the density and the dynamic viscosity of the fluid. This allows us to define the time
scale t. = ﬁ—g, which is the time required for a wave to propagate through the entire length of the channel.

We now consider the reduced-order model for the flow inside the droplet described in [6]. The
meniscus is a spherical cap containing incompressible fluid. Thus the stress at the nozzle outlet is equal
to the surface tension, & - n|r, = —7yskn, where & = —pl + é% is the total stress tensor, s is
the nondimensional surface tension coefficient and « is the nondimensional curvature. This approach
decouples the flow inside the droplet from the flow inside the channel, so that we just need to simulate
the flow inside the microchannel and consider the previous impedance boundary condition at the nozzle
outlet boundary.

The volume of the droplet, €2, varies according to the amount of mass flux through the nozzle outlet
boundary:

ds?
_:_6/ @ - ndl 2)
dt -

For a spherical cap, the volume of fluid inside the meniscus depends on the curvature through the
following expression:

Q (k) = ng;% (2 + m) (1 - m)z 3)

This leads to an ordinary differential equation for the evolution of the curvature:
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For the other boundaries, we consider homogeneous Dirichlet boundary conditions at the walls,
ur,, = 0, nonhomogeneous Dirichlet boundary conditions at the actuators, @, , = Uac: (t), and stress
free boundary conditions at the channel inlet/outlets & - n|p,, jour = 0.

In this paper, the initial acoustic state of the flow is taken to be zero acoustic velocity, w (t = 0) = 0,
and zero acoustic pressure, p (f = 0) = 0. The initial meniscus curvature has a nonzero initial value,
K (t = 0) = Ko. We define the acoustic energy, &,. (t), and the surface energy, & (t), as follows:

Ene (t) = % (@ + p*) (5a)

&, (t) = 1%1% T (5b)

where ;, is the surface tension, R,,, is the nondimensional nozzle radius, and I',, = 277]%,2I ,32 ( — 41— Ii2)
is the surface area of the spherical cap.

In order to ensure droplet uniformity, the acoustic energy inside the channel and the surface energy of
the spherical cap at the nozzle outlet must be the same before the next droplet is ejected. For simplicity,
we set these energies to zero in this paper, but a non-zero curvature could be targeted if desired. Therefore,
we define the cost function as the total energy (i.e., sum of acoustic energy plus surface energy) at a given
time 7":

S = 6ac(T) + & (T) (6)

In order to minimize (), we use the actuator velocity as the control. Therefore, we first propose a
parametrization of the function U 4.;. The simplest way to parametrize this funtion in time is to use a
parameter at every time step. However, this leads to a very large set of control parameters, and increases
the dimension of the search space accordingly. This can cause there to be many local minima, and the
optimization algorithm may not be able to find the global minimum. In order to regularize the problem,
we reduce the dimensions of the search space by expressing Uy through a truncated Fourier series
expansion:

Uae (t Z a,, COS ( 27rt) Z by, sin <n27rt) (7

We set the initial and final actuator velocity to zero, Uay (t = 0) = Uae (t = T') = 0, which simpli-
fies the previous expression:

Uner (t Z b, sin (”2”) (8)

(N+1)x

We then define our control vector ¢ € R I as follows:

C:[bo b1 bN]T

)
Finally, we formulate the optimization problem as finding the optimal set of Fourier coefficients that
minimize the functional () subjected to the governing equations ().
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2.2 Adjoint-based optimization

We solve the optimization problem proposed in the previous section using a gradient-based algorithm
(interior-point method implemented through the function fmincon in MATLAB). The finite differences
approach requires as many solutions of the governing equations as number of control parameters that we
consider. Thus, this method leads to long computational times for the cases considered in this work (i.e.,
unsteady three-dimensional PDEs and several tens of control parameters).

In this study, we consider the adjoint method for computing the gradients, which is a method whose
computational cost is independent of the number of control parameters. The Lagrangian of the optimiza-
tion problem stated previously is:

ou - 1 . 8]5 ~ o~
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where [0,0] = [ [, 070dQdt, (0,0) = [,/ O70dt, {0,0} = [, 070dS, and O are the Lagrange
multipliers, which are also known as the adjoint variables.

We now set the variations of the Lagrangian to zero. Grouping terms in du and 0p leads to the adjoint
equations:

(10)
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where @' is the adjoint acoustic velocity, j' is the adjoint acoustic pressure, and 7' = Va ! + (Vfﬂ) —

%V - 4" is the adjoint viscous stress tensor.
Similarly, grouping terms in dx, we obtain the adjoint counterpart of the curvature ODE:

dQ) drt d*Q dk
——— = ' -ndl + — — &' 12
dr dl 6/FN“’ e (12)
The adjoint boundary conditions of the adjoint problem are '&}W =0, '&}Act =0,6" n|r o = 0
and 6" - n|p + = —7skn. The adjoint initial conditions are given by the final state of the direct variables,

al(t=0)=—-a(t=T),p'(t=0)=—p(t=T)and s (t =0) = x(t = T). Finally, the gradient of
the cost function with respect to the control parameters is defined as:

0.7 ={6"-nou}, (13)

where 61 = piT + é‘f'T is the adjoint stress tensor.

This result shows that the optimal actuator velocity is the one that makes the the integral of the
adjoint stress along the control boundary equal to zero. Thus, each iteration of the optimization algorithm
requires one solution of the direct problem (TJ), then one solution of the adjoint problem (IT)), and finally
the computation of the gradient as in (I3]). This process is repeated until a stopping criteria is satisfied.
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Figure 1: Sketch of the geometries considered. (a) Thin-film type inkjet printhead; (b) Bulk type inkjet
printhead. 'y is the wall boundary, I' 4 is the actuator boundary, I'7,, /0. is the inlet/outlet boundary,
and Iy is the nozzle outlet boundary.

3. Applications

3.1 Simplified 3D Thin-film inkjet printhead

The first application of this optimization process is a simplified version of the thin-film inkjet print-
head configuration (Fig. [I]a). This geometry consists of a three-dimensional microchannel of length L.
with an actuator of length L4, = L./6 placed on one of the faces, and a nozzle attached to the opposite
face.

Figure 2] shows the time evolution of the acoustic and surface energy of the system considered for the
uncontrolled and controlled cases. We observe that, without any actuation, there is a certain amount of
acoustic energy remaining at ¢ = 7. In the controlled case, the actuator first moves upwards, emitting
a negative acoustic pressure wave. This wave is able to absorb the spherical cap, but also increases the
reverberations within the channel. Thus, the acoustic energy during this first stage increases. At a second
stage, the actuator moves downwards, cancelling the reverberations coming from the channel ends and
driving the surface curvature back to zero. The final total energy of the controlled case is about 170
times smaller than in the uncontrolled case. The results and mechanism are similar to those found in a
two-dimensional model by [6].

Figure [3| shows ten snapshots of the acoustic pressure field inside the channel. We observe how the
reverberations produced by the actuator propagate through the channel and are finally damped at ¢ = 7'

3.2 Simplified 3D Bulk type inkjet printhead

The second configuration has two actuators placed at two of the faces of the channel (Fig. [I|b). In
this case, the actuator length is equal to the length of the channel, L. = L., and they move in an
antisymmetric manner (i.e., Uac, = —Uact,)-

Figure [4] shows the time evolution of the cost function and the actuator velocity for the uncontrolled
and controlled cases. In this case, the optimal open-loop control is more complicated, with the actuators
moving inwards and outwards the channel several times to cancel the reverberations and turn the spherical
cap into a flat surface. We can also observe how these motions increase and decrease the acoustic and
surface energy during the time interval considered. The final energy of the controlled case is about 130
times smaller than in the uncontrolled case.

Figure [S]illustrates ten snapshots of the acoustic pressure field of the optimal case at different times.
Again, we observe how the reverberations due to the actuator motion move through the channel, but they
get damped at the final time ¢t = 7.
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Figure 2: Comparison of the uncontrolled (dashed lines) and controlled (solid lines) thin-film type inkjet
printhead. (a) time evolution of the nondimensional cost functional and its terms (i.e., acoustic energy

and surface energy); (b) actuator velocity.
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Figure 3: Acoustic pressure field of the controlled thin-film type system at different times.
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Figure 4: Comparison of the uncontrolled (dashed lines) and controlled (solid lines) bulk type inkjet
printhead. (a) time evolution of the nondimensional cost functional and its terms (i.e., acoustic energy
and surface energy); (b) actuator velocity.
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Figure 5: Acoustic pressure field of the controlled bulk type system at different times.
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4. Conclusion

In the present study, we have applied an adjoint-based optimization approach to damp the residual
reverberations that appear in piezoelectric DOD inkjet printheads. We have modelled the acoustic flow
using a low Mach number asymptotic expansion, and have assumed that the droplet meniscus contains an
incompressible flow. Under this assumption, the evolution of the droplet curvature depends on the mass
flux through the nozzle outlet. The surface tension produced by this meniscus introduces an impedance
boundary condition at the nozzle outlet, which decouples the flow inside the droplet from the one inside
the channel.

Two control strategies that are currently being employed in the industry have been considered: thin-
film and bulk type piezoelectric actuations. This method has allowed us to find the optimal open-loop
control of the piezoelectric actuators for two simplified geometries. In both cases, the total energy of
the flow (i.e., acoustic energy plus surface energy of the spherical cap) at the final time is significantly
smaller than in the uncontrolled cases. The thin-film device is marginally easier to control, but both can
be controlled.

Future research will focus on considering a better approximation of the complete inkjet printing
chamber geometry (e.g., adding the ink manifolds manifolds or capturing the influence of the adjacent
channels). The control laws are expected to change, but the implementation of the method is straightfor-
ward. Finally, the model proposed contains assumptions in its parameters. Therefore, we will assimilate
experimental data using Bayesian inference to improve the accuracy of our physics based model and
know their uncertainties.
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